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Oxygen isotope values of biogenic silica are increasingly used as proxies of 
paleoenvironmental conditions. A number of studies have demonstrated a strong relationship 
between the diatom silica and the temperature/oxygen isotope value of the formation water; 
however, some studies have indicated that early diagenesis of biogenic silica may alter the 
oxygen isotope values by several permil. Quantification of the maturation process has proven 
difficult since the mechanisms that drive post-mortem changes in the silica oxygen isotope 
values have not been well characterized. New silica maturation data from marine diatom, 
Stephanopyxis turris, cultured in a controlled laboratory experiment, demonstrate a rapid post-
mortem decline in silica reactivity. A decrease in relative abundance of surface silanol groups 
coincides with a decrease in the surface charge density of freshly harvested frustules. These 
experiments demonstrate that rapid post-mortem alteration of biogenic silica provides a 
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INTRODUCTION TO THE STUDY 
1.1 Overview 
This chapter includes a general background that defines the scope of the study and 
outlines a number of analytical techniques utilized that are not common in geologic research. 
A general introduction and literature review is included in this section that complements the 
introduction in Chapter 2, which is tightly focused on the scope of the manuscript. The main 
part of the thesis is contained in Chapter 2, written in manuscript form and intended for 
submission to Geochimica et Cosmochimica Acta. Chapter 3 integrates and summarizes the 
results and conclusions and presents a critique of the research, including opportunities for 
future study. 
Diatoms are found in a broad range of aquatic environments, including both cold and 
warm, marine and non-marine. This growth environment ubiquity, coupled with the robust 
diatom silica frustule, often preserved in sediments for extended time periods, makes diatoms 
a potent geochemical archive of past environmental conditions. Building on previous 
carbonate oxygen isotope research (Urey et al., 1951), researchers determined that the δ18O 
value of diatom silica reflected the seawater surface temperature in which the diatoms grew 
(e.g., Labeyrie, 1974), thus proposing another paleoclimate proxy. However, more recent and 





diagenesis as the post-mortem diatom frustule settles though the water column and becomes 
part of the sediment (Schmidt et al., 2001; Dodd et al., 2012), thus challenging the viability 
and robustness of this proxy.  
Independent research has also shown that concomitant with the shift in 18O values are 
progressive diagenetic changes to the surface chemistry of diatom silica, which include the 
dissolution of the silica surface, decrease in surface reactivity caused by a decline in the 
number of surface silanol groups, and decrease in the silica surface charge density (Rabouille 
et al., 1997; Van Cappellen and Qui, 1997ab; Dixit et al., 2001; Van Cappellen et al., 2002a). 
Almost without exception, the significant and productive research invested in these topics has 
been lacking analyses of 18O values. 
This work seeks to develop better clarity of how diatom silica post-mortem δ18O 
values change by demonstrating correlation with diagenetic changes that occur in silica 
surface chemistry. This is accomplished by the application of controlled aging experiments 
that accelerate physical changes to the silica frustules of the temperate-water marine diatom 
Stephanopyxis turris, which was cultured under controlled conditions (Fig. 1.1). In addition to 
demonstrating the correlation between the surface chemistry changes, the study results are 
compared to published 18O values and indicate some correlation for these values. This 
approach brings improved clarity to the diatom silica proxy, establishing that whereas the 
original diatom growing temperature/conditions are over-written, the geochemical archive 
that remains can be defined and offers a meaningful paleoenvironmental proxy of the 





 Fig. 1.1. The overall controlled lab experiment plan for this research. 
 
 
1.2 Background and Literature Review 
Diatoms are single-celled autotrophs that form the bottom of the marine food chain, 
growing in the photic zone in most marine environments (e.g., Loucaides et al., 2012), with 
estimates of contributions to the world’s net primary productivity (NPP) of about 20%, an 
amount similar to that of the combined total of the world’s rainforests (Nelson et al., 1995). 
But unlike the rainforest, the life cycle of diatoms is short, living only a number of weeks, 
then settling through the water column to the sediments or being recycled through dissolution 
and not preserved. The comparison to the productivity of the rainforest gives an indication of 
the massive volume of diatom material cycled over short periods of time, causing the diatoms 
to be a significant driver for not only the marine silica cycle but also for the carbon, nutrient, 




marine consumption of CO2 from the atmosphere (Tréguer et al., 1995). This results in 
primary production of large volumes of organic carbon that ultimately results in increased 
amounts of carbon exported to the ocean floor (Anderson and Delaney, 2005). Diatoms can 
accelerate this export by aggregating into large mats that can sink quickly to the sediment 
(Rabouille et al., 1997; Assmy et al., 2007). In this way, the diatom life cycle contributes as 
one of the most important drivers of the transfer of organic carbon in the ocean floor 
(DeMaster, 1981). In a similar way, the diatom life cycle has significant impact on nutrient 
cycling of the material contained in diatom organic matter through efficient export to the 
ocean floor (DeMaster, 2002). 
The living diatom’s organic covering protects the silica frustule from dissolution by 
isolating it from seawater; however, when the organism dies, the post-mortem stage begins 
when bacteria penetrate the organic material. This allows seawater direct access to the silica 
frustule and begins the dissolution and silica recycling phase. The water column is usually 
under-saturated with respect to silica, resulting in rapid and typically complete dissolution of 
the silica frustule before reaching the sediment (Van Cappellen and Qui, 1997ab; Rickert et 
al., 2002; Van Cappellen et al., 2002a). It is estimated that approximately 60% of diatom 
silica is dissolved and recycled in the photic zone and 20% is dissolved and recycled during 
settling in the water column. The balance of 20% is incorporated into sediments (Tréguer et 
al., 1995). These amounts vary widely, as shown by research from the Southern Ocean where 
dissolution in the water column was even higher, resulting in only 1-7% of silica being 
preserved in the sediments in modern times (Tréguer et al., 1995; DeMaster, 2002). But even 




marine sediments (diatomaceous or diatomite) as well as diatom frustule accumulation in 
fresh sediments. Heterotrophic grazers aid in the export of diatom frustules that are contained 
in fecal pellets of higher trophic levels by significantly increasing the settling rate (Assmy et 
al., 2007). Grazers can also mechanically degrade frustules, which can accelerate post-
depositional dissolution. After the diatom enters the sediment, dissolution slows to a low rate 
as the silica suspension encounters the higher concentration of dissolved silica that exists in 
the sediments, as shown in Fig. 1.2 (Rabouille et al., 1997; Van Cappellen and Qui, 1997ab).  
 
 
Fig 1.2. Diatom dissolution after entry into the sediment. After the diatom life cycle 
completes, the frustule settles through the water column and enters the sediment (A). 
Dissolution is often rapid in the under-saturated water column but slows quickly once diatoms 
enter the sediment (B), as shown for these samples taken from core KTB05. The dissolution 
rate declines over an order of magnitude at only a few cm depth. The open symbols are data 
points; the solid lines were generated by the model developed by the authors. Core KTB05 is 
a typical example of that found in multiple cores from the Southern Indian Ocean (Crozet 




 While the broader context outlined above is useful in understanding the overall post-
mortem processes, this study was designed to specifically focus on the surface chemistry 
aging that occurs once the diatom has entered the sediment and dissolution has slowed. This 
was accomplished by designing the aging experiments to simulate conditions similar to the 
sediment in terms of pH, salinity, and dissolved silica concentration. A logical extension of 
this study would be a focus on surface chemistry changes that occur as the diatom is settling 
through the water column and dissolution is most active and later in the life cycle when 
reprecipitation and recrystallization take place in the deeper sediments. 
 
1.3 Diatom Culturing 
The temperate-water marine diatom species S. turris was cultured under controlled 
laboratory conditions for this study. Initial culture was obtained from NCMA labs located in 
Boothbay, ME. Diatoms were grown in an incubator at 19 C in batches of 12 L of media 
contained in a 20 L glass carboy. The culture media was prepared using either natural 
seawater (NSW) or artificial seawater (ASW) by mixing reef crystals with deionized water 
(DIW), autoclaving, and aseptically adding L1 growth media. After mixing, the pH was 
adjusted to 8.0 and the culture added. Cool white fluorescent lamps were used to maintain 
incubator lighting with an intensity of 80 mol photons m-2s-1 at an on:off cycle of 18:6. 
Agitation was provided by a filtered air supply which was bubbled through the media. During 
the exponential growth cycle, the rise in pH was monitored frequently and periodically 
adjusted down to about 8.0 with the addition of CO2 to the filtered airstream that provided 




which the culture was harvested by separating the diatoms from the media using filtering and 
centrifuging at 2500 RPM for 7 min 30 sec. Culture records and the culture lab design are 
included in Appendix A. 
Initial attempts to culture S. turris in ASW failed, with the culture dying soon after 
being added to ASW media. This problem was overcome by implementing the 
recommendations of NCMA Labs, which ultimately resulted in a robust culture environment. 
This was accomplished by starting the initial culture in NSW, then transitioning to ASW after 
a stronger culture had been established. In addition, an aseptic growth environment was 
implemented to minimize competition for growth nutrients. A commercially prepared L1 
growth media mix provided by NCMA labs was used instead of developing a growth medium 
from scratch according to a recipe. This change was made when it was found that the mixing 
order of the reagents and temperature, details not contained in the recipe, were important to 
prevent sedimentation that altered the chemistry of the media, resulting in an iron-deficient 
concentration. Finally, the use of Micro 90 lab detergent was adopted for cleaning glassware 
instead of household detergents, which can leave a toxic film on the glass surface. After 
implementing these changes, good culture vitality was achieved with both NSW and ASW. 
Carbonate sedimentation occurred with the ASW media during autoclaving. This sediment 
was removed by siphoning from the bottom of the carboy before inoculation. References that 
were especially useful for the culturing process included Stern (1973-1985), Anderson (2005), 






1.4 Diatom Silica Dissolution and Aging 
Dissolution occurs when seawater molecules break the siloxane bonds on the silica 
surface, resulting in the release of hydrated silica into the water in the form of H4SiO4. 
Dissolution rates are a function of many attributes, including pH, temperature, salinity, ionic 
concentration, and pressure (Dove et al., 2008). While silica dissolution was not a specific 
focus of this research, it was an important process that occurred during aging experiments. It 
was my objective to permit some dissolution to reflect this normal process that occurs as 
diatoms settle through the under-saturated water column. I allowed about 25-50% dissolution 
during the aging experiments. Since dissolution only occurs until the solution reaches 
saturation (Fig. 1.3), I was able to control it by adding Na2SiO3  5 H2O to the aging media. 
By comparing the mass of the starting and recovered diatom silica at the end of each aging 
interval, I was able to confirm the amount of dissolution that occurred. For the conditions of 
this study, I found that dissolution completed quickly, with the solution always reaching 
saturation before the shortest aging point (e.g., 12 hours). In another experiment using 
Miocene-age diatoms, I found that equilibrium was reached within 1 hour at 85 C. Since the 
focus of the study was changes in silica surface chemistry that occur in the sediment when 
dissolution has slowed, data was not collected during the dissolution phase. 
The aging media was designed for similarity to the marine environment of 0.7 M NaCl 
at a pH of 8.0. Through trial and error, I determined that 20 days in an aging environment of 
85 C would shift the measured surface chemistry characteristics over much of the range 






Fig. 1.3. Dissolution rate curve. The example plot shows how the dissolution rate varies with 
the concentration of H4SiO4. As the under-saturated concentration approaches equilibrium 
(Ceq), the dissolution rate slows and ceases. If the concentration continues to increase, 
precipitation starts (adapted from Van Cappellen and Qiu, 1997a).  
 
 
1.5 Measuring the Properties That Change with Aging 
Two different analytical techniques were used to quantify the changes in diatom silica 
properties with aging. These were Fourier transform infra-red (FTIR) spectroscopy, which 
measured surface silanol abundance, and acid-base titration, which measured surface charge 
density. The measurement of the surface charge density utilized a two-phase titration 
procedure shown in Fig. 1.4, where panel (A) shows the first titration which determines the 
background surface charge of the electrolyte in four steps. Starting at (1), 10 mL of the 




allowed to equilibrate for one hour while being stirred and purified with high-purity argon 
injected at 100 SCCM. During this time, the pH rises to about 8.3 as any CO2 dissolves out 
of the electrolyte and other equilibration takes place. At step (2), the acid titrant is added in 
the amount required for the pH to decrease to 4.0, where it is maintained for one hour, 
allowing protonation to take place at step (4). Finally, the base titrant is added in the amount 
required to increase the pH to 7.5. The background charge is determined based on the H+ 
moles (a negative value) that were added with the base after step (4). 
In the second titration phase, panel (B), at step (1), 10 mL of the electrolyte is 
allowed to equilibrate in the argon environment for one hour. At step (2), the diatom 
silica sample of known mass is added, which causes the pH to drop as the silica 
releases protons into the electrolyte. At step (3), acid titrant is added in the amount 
required to reduce the pH further to 4.0, where it is maintained at step (4) for one 
hour, allowing protonation of the silanol sites to complete. Finally, the base titrant is 
added in the amount required to increase the pH to the desired pH 7.5 endpoint (5). 
The difference between the two titration results in moles L-1, shown by the double 
arrow in Fig 1.4 panel (B), is used to calculate the net surface charge of the diatom 
silica which is measured in Excess H+ in moles g-1.  
One problem was encountered during initial testing of the titration process 
because the use of an argon purge of the electrolyte was omitted. Tests revealed a 
slow downward creep of pH over time. Experiments revealed that atmospheric CO2 




purging the suspension with argon gas and implementing a tight Teflon cover for the 
titration vessel, as shown in Appendix C, resolved this issue.  
 








1.6 The Oxygen Isotope Proxy 
Previous studies have demonstrated that during the formation of the living diatom 
silica frustule, the oxygen isotope ratio of the water is fractionated as a function of 
temperature as shown in Fig. 1.5. This occurs because at increasing temperatures the diatom 
silica formation process has a greater preference for the lighter 16O atoms. This formation 
curve has been calibrated by a number of researchers with consistent results (e.g., Brandriss et 
al., 1998; Moschen et al., 2006; Dodd and Sharp, 2010). The oxygen isotope values are 
presented in the form of 1000 ln , as shown in Fig 1.5, which describes the fractionation 
between the oxygen isotope ratio of the water in which the diatom grew and the oxygen 
isotope ratio incorporated into the silica frustule. This form is convenient because it allows 
direct comparison of silica oxygen isotope values of diatoms grown in different water 
conditions, e.g., marine vs. freshwater, which have different oxygen isotope ratios. Thus, the 
fresh silica frustule contains a geochemical archive of the water conditions in which it grew, 
which is described by the 1000 ln  vs. temperature curve. 
However, researchers have found that after the diatom dies and settles into the 
sediment, the frustule oxygen isotope value, as measured by 1000 ln , increases with age by 
as much as 10 permil, as shown in Table 1.1 (e.g. Schmidt et al., 2001; Leng and Barker, 
2006; Dodd et al., 2012). Developing a deeper understanding of these changing isotope values 




Fig. 1.5. Diatom proxy calibration curve. The calibration curve for fresh diatom silica 
frustules is shown for diatoms that were collected from the surface of a lacustrine setting. The 
silica frustule contains an archive of the water temperature encoded in the oxygen isotope 
ratio 1000 ln . 
 
 
Table 1.1. 1000 ln  values of diatoms from sediment. 
Results of studies of aged diatoms retrieved from the sediment indicate the oxygen 
isotope value of the diatom silica frustule had changed compared to the archive that 








RAPID POST-DEPOSITIONAL CHANGES IN DIATOM SILICA SURFACE 
CHARGE DENSITY, SILANOL ABUNDANCE, AND OXYGEN 
ISOTOPE VALUES ELUCIDATE SILICA MATURATION 
 PROCESS IN BIOGENIC SILICA 
 
2.1 Abstract 
Oxygen isotope values of biogenic silica are increasingly used as proxies of 
paleoenvironmental conditions. Prior studies have demonstrated a strong relationship between 
the diatom silica and the temperature/oxygen isotope value of the formation water; however, 
some studies have indicated that early diagenesis of biogenic silica may alter the oxygen 
isotope values by several permil. Quantification of the maturation process has proven difficult 
because the mechanisms that drive post-mortem changes in the silica oxygen isotope values 
have not been well characterized. New silica maturation data from the marine diatom 
Stephanopyxis turris, cultured in a controlled laboratory experiment, demonstrate a rapid post-
mortem decline in silica reactivity. A decrease in relative abundance of surface silanol groups 
coincides with a decrease in the surface charge density (excess proton concentration) of 
freshly harvested frustules. Over a maturation period of 20 days at 85 ºC, S. turris samples in 
a 0.7 M NaCl solution at a pH of 8.0 demonstrate a rapid decrease in the surface charge 
density from -380 µmoles/g to -16 µmoles/g. Fourier transform infra-red (FTIR) analyses 






frustules occurs over the same time period. Data indicate that post-mortem increases in the 
oxygen isotope values of diatom silica observed here and in other studies are coincident with 
a decline in the surface charge density and silanol abundance. These results demonstrate that 
rapid post-mortem alteration of biogenic silica is occurring and provide a possible mechanism 
for post-depositional alteration of oxygen isotope values in biogenic silica.  
 
2.2 Introduction 
Understanding the processes contributing to diatom silica aging can bring an important 
perspective for developing improved clarity of this paleoclimate proxy. Multiple studies have 
shown that diatom silica is altered during early diagenesis; however, the timing and degree of 
this alteration has not been well constrained (e.g. Van Cappellen and Qiu, 1997ab; Loucaides 
et al., 2010; Dodd et al., 2012). The 18O value of diatom silica is often used as a proxy of 
paleotemperature/oxygen isotope value of the water in which the diatoms grew (Schmidt et 
al., 2001; Leng and Mashall, 2004; Leng and Barker, 2006); however, post-mortem syn-
depositional and post-depositional changes to the silica can alter the 18O diatom values, so 
rather than presenting a surface-water signal, they record, or are over-printed by, conditions at 
the sediment-water interface (e.g. Rioual et al., 2001; Schmidt et al., 2001; Moschen et al., 
2006; Dodd et al., 2012).  
Compared with research of the diatom silica oxygen isotope proxy, the dissolution and 
recycling properties of diatom silica are better characterized, having been the focus of 
significant research over an extended period of time. Early biogenic silica recycling studies 




Hurd and Birdwhistell, 1983). When improved analytical tools, such as fluidized-bed reactors, 
were introduced (Chou and Wollast, 1984), it was discovered that dissolution followed a 
nonlinear behavior near equilibrium, which Van Cappellen and Qiu (1997ab) were able to 
confirm from sediment samples taken from the Southern Ocean. In studying silica recycling 
in the Southern Ocean and the North Atlantic, Rickert et al. (2002) demonstrated additional 
evidence for nonlinear dissolution rates in environments under-saturated with respect to 
dissolved silica. In addition, these studies revealed that dissolution is most rapid after the 
biologic destruction of the diatom’s organic covering while the diatom is settling through the 
under-saturated water column, and that dissolution slows significantly once the diatom 
frustule enters the more saturated sediments. While these and other studies (e.g. Rabouille et 
al., 1997; Van Cappellen et al., 2002a) contributed to a better understanding of how silica 
dissolution and recycling contribute to the overall marine silica cycle, they also provide a 
framework in which the post-mortem changes that occur in the 18O diatom values can be 
analyzed. In the context of this study biosilica aging is defined as the progressive reduction of 
silanol abundance and the related decline in silica surface charge over time. The chemical 
changes that cause these changes are components of diagenesis. 
Related studies have demonstrated that diatom silica undergoes significant changes in 
the surface chemistry during diagenesis which result in a decline in surface reactivity driven 
by a decline in the number surface silanol groups (Si-OH) and a decrease in the silica surface 
charge density (Dixit and Van Cappellen, 2002). Van Cappellen and Qui (1997ab) conducted 
flow-through reactor experiments that demonstrated that the reactivity of diatom silica 




quantify the surface charge of diatom silica of various ages and Fourier transform infra-red 
(FTIR) analyses to determine the decline of both internal and external silanols with age. 
However, most research on surface chemistry changes lack reference or correlation to the 
oxygen isotope properties of diatom silica. An improved understanding of how the δ18O 
values are correlated to silica surface chemistry will enable increased clarity of this 
paleoclimate reconstruction tool.  
This study presents the results of experimentally constrained changes in the silica 
surface chemistry utilizing the temperate-water marine diatom species Stephanopyxis turris, 
cultured and artificially aged in a controlled environment to demonstrate correlation between 
silica aging and previously published diatom paleoclimate proxy data (Schmidt et al., 2001; 
Dodd et al., 2012). The study focuses on changes to the silica that occur after the diatom silica 
has entered the sediment. Silica diagenesis has profound implications for the use of diatoms 
and other biogenic silica as a paleoclimate proxy. Developing clarity of what the silica oxygen 
isotope values record is important because diatoms have advantages as a paleoclimatic proxy, 
growing in both lacustrine and marine, warm and cold water environments. Once protected 
from dissolution in the sediments, the diatom frustule is robust, preserving its paleoclimatic 
record for extended periods of time.  
 
2.3 Materials and Methods 
2.3.1 Siliceous Material Sources 
The S. turris diatoms, shown in Fig. 2.1, utilized for this study were cultured under 




Boothbay, ME. Diatoms were grown in batches of 12 L of media in 20 L glass carboys at     
19 C. The media was prepared using either natural seawater or by mixing reef crystals with 
deionized water (DIW), autoclaving, and then aseptically adding L1 growth media sourced 
from NCMA. During the exponential growth cycle the pH was monitored frequently and 
periodically adjusted down to about 8.0 with the addition of CO2 to the filtered airstream that 
provided agitation. Batches normally achieved the stationary phase within 2 to 3 weeks. After 
the stationary phase was reached, the culture was harvested by separating the diatoms from 




Fig. 2. 1. SEM images of S. turris, the diatom taxa cultured for this study. The non-
diatomaceous material in some culture batches was determined by energy-dispersive X-ray 
spectroscopy (EDS) to contain Si, which either precipitated during autoclaving of the culture 
media or from over-saturation caused by the L1 growth media. 
 
 
Harvested diatoms were cleaned by removing organic matter following a modified 
procedure of Morley et al. (2004), placing them first in 30% H2O2 over night at room 




at room temperature and subsequently for 4 hours at 65 C and a triple rinse with DIW. The 
cleaned diatoms were then freeze dried and stored. Before the silica was used for 
experimental tests, the low-density S. turris frustules were gently crushed with a mortar and 
pestle to facilitate handling during weighing and transfer operations. 
In addition to S. turris, several other modern and fossilized species were titrated to 
measure the surface charge density. Table 2.1 includes a summary of all samples utilized. 
 
 




2.3.2 Aging Process 
Diatom silica was artificially aged to accelerate changes in silica silanols that normally 
occur over longer periods of time (10-1 – 101 yrs). The aging media was prepared using DIW 
boiled for 5 minutes to remove CO2 and then mixed to create a 0.7 M NaCl solution.  
Na2SiO3   5 H2O was added to form a 1750 M silicate solution to limit dissolution. Biogenic 
silica aging took place in 50 mL polypropylene centrifuge tubes in which 15 - 20 mg of 
diatom silica was added to 30 mL of aging media, adjusted to a pH of 8.0, covered with argon 
gas, and placed in an oven at 85 C. The resulting suspension was not agitated during aging. 




of aging, dissolution proceeded until the media became saturated with respect to silica, which 
occurred within a few hours after being placed in the 85 C oven. After completion of the 
aging period, the diatom silica was separated from the aging media by filtering the suspension 
through a 5 m sieve cloth. Filtering and rinsing were performed at 85 C to prevent 
precipitation of saturated aging media. After filtering, the recovered diatoms were air dried at 
85 C for about 2 hours. By measuring the mass of recovered diatom silica after aging, it was 
determined that about 50% of the diatom silica was lost to dissolution and/or recovery 
procedures and that dissolution completed in > 1 aging day. Several aging experiments were 
also conducted at 22 C. For these, the aging media was reduced to an 1180 M silicate 
solution. 
 
2.3.3 Surface Charge Density 
Surface charge density of the diatom silica was measured using acid-base titrations 
performed at a pH endpoint of 7.5. The titrations were conducted at 24  0.5 C in a 9 mL  
polypropylene reactor vessel equipped with a Teflon cover and a Teflon-coated magnetic stir 
bar. Measurements were performed with a Corning 455 pH/ion analyzer calibrated using 
commercial buffer solutions. The diatom suspension was continuously stirred and purified 
with high-purity argon gas injected at the approximate rate of 100 SCCM. Acid and base 
titrants were added via two Metrohm Dosimat burets containing 0.02 M HCl and NaOH. The 
NaOH molarity was determined using potassium hydrogen phthalate (KHP) titration. Each 
diatom sample was titrated in a 0.7 M NaCl electrolyte with a suspension density in the range 




a resulting impact on the precision. Dissolution of diatoms during titration was minimized by 
the addition of Na2SiO3  5 H20 to the 0.7 M NaCl electrolyte to form a 600 M dissolved 
silicate solution (Loucaides et al., 2010). 
At the start of each titration, 10 mL of the 0.7M NaCl electrolyte was added to the 
titration vessel and allowed to equilibrate in the argon environment for at least 1 h, 
minimizing the impact of any dissolved CO2 present. Next, the background concentration of 
protons [H+] was determined by titrating the electrolyte. This titration was performed by 
adjusting the pH of the electrolyte to 4.0 for at least 1 h and until the pH was constant for 5 
minutes. NaOH titrant was then added in the amount required to raise the pH to 7.5. The 
diatom silica was next added to the electrolyte and again the pH was adjusted to 4.0 for at 
least 1 h to allow protonation. Finally, NaOH was added in the amount required to raise the 
pH to 7.5. Occasionally the titration would overshoot the endpoint of 7.5, requiring HCl to be 
added to achieve the desired endpoint, with a corresponding decrease in precision.  
Because this study utilized a single diatom silica source, S. turris, from a single 
culture, the benefit of including diatom surface area measurement for calculating surface 
charge density was minimal and thus omitted. Surface charge density is reported as excess H+ 
in moles/g instead of moles/m2. Except as noted above, the titration process follows the 
procedure outlined in previous studies and is based on the assumptions and theory outlined by 






2.3.4 Silanol Abundance 
FTIR spectroscopy was used to examine progressive changes of the relative absorption 
bonds of progressively aged S. turris samples using a Mattson ATI Genesis Series FTIR 
equipped with a Pike MIRacle ATR. The attenuated total reflection (ATR) device allows 
samples in the solid state to be examined directly using evanescent waves through a diamond 
crystal plate. Penetration of the evanescent wave into the sample is typically limited to 
between 0.5 and 2.0 M. The FTIR scan was set to 1400 to 600 cm-1 because the diamond 
crystal limits sensitivity to spectrum below 600 cm-1. A dry diatom silica sample of about 1 
mg was placed on the ATR crystal plate and clamped for measurement under atmospheric 
conditions. Integration of the area under the bond absorption peaks was performed using the 
WinFIRST software supplied with the spectroscope.  
 
2.4. Results 
2.4.1 Surface Charge Density 
The acid-base titrations revealed that surface charge density, after a brief period of 
dissolution and surface area change, declines in a continuous manner from the highly charged 
“fresh” diatoms (-380 moles/g) to the greatly reduced charge of -16 moles/g over a period 
of 20 days at 85 C. These results are shown in Fig. 2.2 (A). The decrease in surface charge 
occurs most rapidly during the initial period (<10 days) and then slows as it approaches longer 
times. When the experiment was repeated at a lower aging temperature of 22 C, it was found 




As a point of comparison, the surface charge of several other diatom taxa was measured with 




Fig. 2.2. Impact of artificial aging on surface charge density and silanol abundance. The 
cultured diatoms (S. turris) were aged at 85 C in 0.7 M NaCl at a pH of 8.0. Open circle 
indicates value with no aging and closed circles indicate the data points that were measured 
after aging. The surface charge density was determined by acid-base titration at a pH of 7.5 
in 0.7 M NaCl electrolyte. Error bars indicate the titration precision and are a function of 
diatom silica mass and the number of titrants used (A). Silanol abundance was measured by 
FTIR spectral analyses and calculated by the ratio of the integrated area under the A950 and 





Fig. 2.3. Reduced impact of aging at 22 C. The reduced impact of artificial aging on the 
surface charge density of cultured diatoms (S. turris) when aged at 22 C in 0.7 M NaCl at a 
pH of 8.0. Surface charge density only declined from -380 to -310 moles/g after 5 weeks. 
Titration methods were the same as used for Fig. 2.2. The increase in surface charge at the 
start of aging may have also occurred with 85 C aging, but was not observed. While the trend 
(broken line) appears linear over the short time frame displayed, more research is required for 
characterization. The initial decline of surface charge may be resulting from an increase in 




Table 2.2 Surface charge density comparison. 
Surface charge density comparison of several diatom silica samples shows 
the general trend of declining surface charge with age. The accuracy of the 













2.4.2 Silanol Abundance 
Biogenic silica has several vibrational bonds that include main peaks at 1100 cm-1 and 
471 cm-1 which are attributed to SiO4 tetrahedrons, a medium-intensity band at 945 cm
-1 
which corresponds to a Si-O stretching of Si-OH bond of the silanol groups and an 800 cm-1 
vibration band caused by Si-O-Si bending. The ratio of the 800 and 1100 cm-1 peaks provide 
an indication of the SiO2 framework organization. (Farmer, 1974; Gendron-Badou et al., 
2003; Moschen et al., 2006). In this study, the –OH bonds of the diatom silica were measured 
using the ratio of the integrated area under the Si-O stretch peak at 945 cm-1 and the 800 cm-1 
peak (A945/A800; Schmidt et al., 2001). The absorption spectra for the silica samples analyzed 





Fig. 2.4. FTIR absorption spectra. The Fourier transform infra-red (FTIR) spectra of 
artificially aged cultured S. turris is shown. The labels indicate the temperature and length of 
aging for each sample. The ratio of the integrated area under the 950 and 800 cm-1 peaks, 
highlighted by the shaded area, provides an indication of the relative abundance of silanol 
groups and how they decline as a result of aging. This declining trend is also shown in Table 







graphically in Fig. 2.2(B), where a rapid decrease in the Si-O bond of the Si-OH silanol over a 
period of only few days at the 85 C aging temperature is shown. At the lower aging 
temperature of 22 C, a decline was also observed, although not as rapid as at the higher 
temperature. The ratio of the 800 and 1100 cm-1 peaks shown in Table 2.3 indicate there was 
no observed trend over time, which is similar to results found by Loucaides et al. (2010) on 




Although most of the aging experiments were conducted at 85 C, a few were 
performed at 22 C to provide better insight into changes that occur during the early aging 
period.  These revealed an unexpected initial increase in surface charge at the start of aging. 
Dissolution likely contributes to this result since it exposes additional surface area that was 
not accessible to the titration electrolyte when the fresh diatoms were measured. I suggest that 
additional surface area was exposed by dissolution allowing the titration electrolyte to 
penetrate into previously closed pores, complex surface geometry, and fractures resulting in 
an increase in the surface area and allowing increased surface charge to be detected. This 
finding is similar to evidence found by Loucaides et al. (2010) when a 30% increase in 
surface area for fresh diatoms T. puctigera was measured after aging for 5 weeks at 15 C. 
These findings may also indicate interactions between the changing dissolution rate and aging 




the target temperature, appear discontinuous from what occurs after dissolution slows when 
equilibrium is reached, I have represented the results as discontinuous between the initial un-
aged S. turris values and the first aging point (Fig 2.2) and trimmed the data for the models to 
begin with the first aging data point. 
Although directly determining the equivalent natural aging time of the artificial aging 
process utilized is beyond the temporal scope of this study, it is possible to approximate the 
equivalent aging time based on general chemistry reaction rate principles associated with 
temperature. Specifically, it has been found for many reactions that a 10 C increase in 
temperature will result in a two or three times increase in reaction rate (Tro, 2011). The 
analysis shown in Fig. 2.5 provides an indication that surface charge decline occurs quickly in 
nature, with significant changes occurring on a time scale of months to years. Following this 
same temperature principle, aging at lower temperatures (e.g. 4 C) would take an order of 
magnitude longer to achieve similar aging impact. In addition to temperature, other 
environmental factors, which were not analyzed in this study, may also affect aging rates, 
such as ionic concentration (e.g. lacustrine vs. marine), presence of metals in the diatom silica 
(e.g. Al and Ge, which can substitute for Si), pressure, and pH.  
 
2.5.2 Surface Charge Density 
Although the results presented here are consistent with previous studies, they reveal more 
detail of how the rate of decline in surface charge occurs over time. The results at the elevated 
aging temperature of 85 C show that a decline in surface charge density occurs with time, 




20 days. The latter is similar to values reported by others for diatomite ore and biosiliceous 
ooze samples (Loucaides et al., 2010). Initially, the decline in surface charge advances 
quickly as reactions with lower activation energy occur. As these complete, the reactions 
transition to those with higher activation energies and occur at a slower rate. 
 
 
Fig. 2.5. Calibration of artificial aging time. Applying the general chemistry principle that a 
10 C increase in temperature will increase many reaction rates by 2 to 3 times (Tro, 2011), 
the plot shows the equivalent aging time at 15 C for diatom silica artificially aged for one 
day at 85 C. The titrations revealed that about 35% of the reactions associated with surface 
charge decline completed within one day of aging at 85 C. Applying the results from the 
plot, this 35% decline in surface charge would occur within the range of 50 to 500 days at    
15 C.  
 
 
The specific chemical reactions occurring during aging include the conversion of 
surface vicinal silanols to lower energy siloxane bonds which reduces the reactivity of the 
surface (Van Cappellen et al., 2002b): 





Titrations were used to determine the associated decline in surface charge, and FTIR analyses 
were used to determine the corresponding decline in silanols. It was observed in the initial 
stage of aging that the silanols reduce faster than the decline of surface charge. Also, as 
shown in Fig. 2.6, the silica surface contains multiple types of silanols, with different 
activation energies and positional geometry. For the conversion of silanols to siloxane 
reaction, two vicinal silanols must be adjacent. Silanols with higher activation energies, e.g. 
isolated or geminal silanols, move to lower energy states by other reactions. This leads to the 
possibility that the silanol to siloxane reaction may be only one of multiple reactions 
occurring during aging.  
 
 
Fig. 2.6. Schematic of biogenic silica solid. The schematic shows examples of different types 
of silanols on the surface of biogenic silica. Different activation energies apply to reactions 
that convert the different types of silanols to lower energy states. Also indicated are the 
silanols within the SiO2 structure, which may become exposed through dissolution (adapted 





2.5.3 Silanol Abundance 
The dependency of surface charge density on silanol abundance was confirmed by this 
study, with A950/A800 declining with aging time as shown in Fig. 2.2(B) and Table 2.3. No 
trend with time was observed in the A800/A1100 peaks, indicating the lack of changes in 
significant SiO2 ordering over time as shown in Table 2.3.  
The aging experiment reveals that very early in the aging process, FTIR silanol 
abundance is decreasing faster than the surface charge density as shown in Fig. 2.2. While the 
study did not focus on this early period (< 1 day at 85 C), the initial rapid decrease in silanol 
abundance could be sourced to a number of contributors. First, the FTIR analytical process 
does not have the precision provided by titration and thus could have detected a common 
change differently; second, although the FTIR could be measuring the same processes, it 
measures them differently, with the titration measurement limited to surface changes that can 
be detected by the electrolyte while the FTIR measurement detects changes deeper in the 
silica structure; and finally, the surface charge change during this time may be a function of 
other chemical reactions that are independent of the decline of silanols being detected by 
FTIR. 
 
2.5.5 Modeling and Correlation of Results 
Modeling curves derived from the experimental results were developed that show the 




were developed using an optimal curve fit to the experimental results shown in Fig. 2.2 but 
were analyzed in log form to optimally weight each of the data points. Fig. 2.7 shows these 
attributes share the same slope, suggesting a common underlying reaction. Both models show 
good fit to the measured data with R2 > 0.97. It should be noted that these models are unique 




Fig. 2.7. Log plot of aging attributes and model. Aging attributes are shown on a log plot for 
calculation of best fit model. Utilization of the log format better balances the weight of all the 
data points in the calculations for the model. Both attributes share a similar slope, which 
suggests they may be driven by a common underlying chemical reaction. The silanol 
abundance curve includes an offset of about -0.3, which allows the exponential to approach 
zero for the purpose of the model calculation. 
 
Expanding the temporal horizon, I found indications that this same linear relationship 
is not maintained outside the primary focus of this study. Instead, three different periods, or 
phases, are observed, each with different relationships between the attributes, indicating the 




initial Phase A begins when the diatom is settling through the under-saturated water column 
and settles onto the sediment while significant dissolution is taking place. During this phase, 
the silanol abundance is reduced by almost 50% and decreases at almost double the rate as 
surface charge compared to Phase B, when silanol abundance and surface charge decline at 
the same rate until the surface charge approaches zero. During this second phase, silanols are 




Fig. 2.8. Results plotted with end members. Projected silanol abundance vs. surface charge 
density when time horizon is expanded beyond the detailed investigation of this study. In 
Phase A the dashed line indicates possible trend connecting end members before initial aging 
point measured in this study. During this time, dissolution dominates and silanol abundance is 
decreasing faster relative to surface charge. The transition in slope indicated by (?) was not 
studied. In Phase B the solid line shows the linear relationship determined from the 
experimental results of this study. In Phase C the broken line shows possible trend as silanol 





Finally, during Phase C, the remaining 25% of silanols continue to  
decline until approaching zero. The initial rapid decline of silanols in Phase A must include 
mostly internal silanols, since surface charge is declining at a slower rate. This is consistent 
with observations and modeling work of Loucaides et al. (2010), which demonstrated a 
decreasing ratio of internal to external silanol sites with aging. More research is needed to 
better understand Phases A and C. Figure 2.9 shows the artificially aged silanol abundance 
from Fig. 2.8 presented in real time based on one aging day equal to one year, a reasonable 
assumption based on data shown in Fig. 2.5. 
 
2.5.4 Oxygen Isotope Values 
 Having demonstrated the highly correlated relationship between silanol abundance and 
surface charge density, we can now apply similar analyses to data from previous studies that 
reported both silanol abundance and 18O values for diatom silica (e.g., Schmidt et al., 2001; 
Dodd et al., 2012). These authors reported results from diatom silica samples taken from the 
sediments (Table 2.4) which are shown graphically in Fig. 2.10. While the two studies were 
quite different (young lacustrine vs. older marine), in each we find a linear relationship 
between silanol abundance and 18O values. This suggests the aging reactions focused on in 
this study provide opportunities for exchange and re-equilibration of oxygen atoms with the 
resulting observed increase of 18O values with age. This change during the aging process is 
non-biologic, so it is unlikely to follow a similar 18O value vs. temperature/water conditions 
curve that is observed for fresh diatoms. Additional research is needed to better characterize 





Fig. 2.9. Aging results plotted in real time. Silanol abundance is shown plotted in estimated 
real time and emphasizes the different declining rates during the aging life cycle. Phase A and 
Phase C were not studied. The lower panel details how the silanol measurement analyses 
apply to internal and external silanols and indicates how these may proceed coincidently but 
at different rates. Phase A occurs during initial dissolution in the water column or sediment 
fluff, the medium rate of decline in Phase B occurs while the diatom is in the sediment and 
continues until the external silanols have all converted to siloxane and the surface charge 





By focusing on the silanol abundance of the two studies shown in Fig 2.10, I note that 
that the oxygen isotope values are changing during all three diagenesis phases shown in Fig. 
2.9.  Other studies (e.g. Moschen et al., 2006) report similar results, thus indicating the 
possibility that 18O values may continue to increase about 8 ‰ until the silanol abundance is 
depleted and approaches zero. Thus the impact of the changes in oxygen isotope values 








Fig. 2.10. Analyses of 18O values from published research. Analyses of previous studies 
show a linear relationship between the decline of silanol abundance and increase in 18O 
values. The study by Schmidt et al. (2001) contained marine diatom silica with silanol 
abundance of < 0.3 (closed circles), which was outside the scope of this study (see Fig. 2.9). 
The study by Dodd et al. (2012) sourced diatom silica less than 10 years old from lacustrine 
sediment and utilized a different method to extract O2 from the diatom silica, which may 





Oxygen isotope analyses of silica from diatoms have revealed poorly understood 
variations between the isotope values of fresh diatoms and those obtained from sediment. 
Understanding these changes has been complicated by the large number of variables that 
contribute to post-mortem aging of diatom silica. To bring increased clarity, I developed a 
controlled lab experiment in which most variables (e.g. taxa, temperature, salinity, pH, and 
ionic concentration) were held constant and silica surface chemistry changes were monitored 
during an artificially accelerated aging process. The results revealed a number of key 
principles that elucidate the diatom silica maturation process. First, the post-mortem cycle 
contains different time periods with different reaction rates occurring that impact the 
attributes of surface charge and silanol abundance. Initially, the decline in silanol abundance 
dominates, followed by a second phase in which silanol abundance declines at a slower rate 
that is equal to the decline in surface charge, which continues until the surface charge 
approaches zero, and finally a third phase during which only silanols continue to decline to 
zero.  Second, by analyzing published data from previous research, I found evidence that the 
shift in oxygen isotope values occurs during all three of these phases, with linear correlation 
between silanol abundance and 18O values occurring during Phase II, thus indicating a 
potential relationship between oxygen isotope re-equilibration and biogenic silica aging.  
The decline in surface charge density and silanol bond abundance indicates that rapid 
changes in frustule structure/surface chemistry accompany and follow dissolution. Although 




first-order understanding of the timing and magnitude of the silica changes observed in 
natural settings. Further work is needed to constrain the effects of these changes on the 18O 
values of diatoms and other biogenic silica; however, the silica aging changes observed in this 
study are consistent with the structural and 18O values reported in other diatom maturation 
studies for natural settings. This study also illuminates linkage between independent research 
studies on dissolution, silica aging, and oxygen isotopes that are inherently connected through 
the aging process. These conclusions have significant implications for the application of this 
silica oxygen isotope proxy, with the oxygen isotope values continuously changing over a 
range of about 8 ‰ from those of fresh diatoms at the start of diagenesis until the silanol 









CONCLUSIONS, ASSESSMENT AND FUTURE WORK 
3.1 Summary of Findings 
The growing body of published research focused on the post-mortem aging processes 
that occur in biogenic silica has highlighted a number of potential limitations to our 
understanding and use of biogenic silica structure and 18O values as paleoclimate proxies; 
however, research on the diagenesis of biogenic silica appears to fall in two separate and 
poorly integrated disciplines: material science and paleoclimate. My objective is to synthesize 
these two research areas to develop a better understanding of changes that occur in diatom 
silica during diagenesis and how these changes affect the 18O values. 
 In reviewing the published material on surface chemistry changes with aging, I also 
observed that the research was usually conducted by collecting and comparing diatom silica 
samples of different taxa of different ages from different locations. While this approach is 
valuable in revealing some of the aging principles, it also introduces many uncontrolled 
variables of age, environment, and provenance that can mask the underlying details associated 
with aging. I simplified these complexities by designing a lab environment in which most of 
the variables were held constant, including taxa, salinity, temperature, pH, saturation, and 
dissolution rate. This approach revealed how the aging characteristics changed with time and 





included silanol abundance and surface charge density. It also provided some insight into the 
rate at which these attributes change and the time horizon over which they occur. 
 The results were significant and support the proposed hypothesis. The experimental 
results show that after initial discontinuities at the start of aging, which included dissolution 
until saturation was reached, aging proceeded in a continuous manner with good correlation 
between the decline in silanol abundance and decrease in surface charge density. While 
specific oxygen isotope data was not collected during the time of this study, previous 
published reports show that it declines on a similar rapid time frame and is linearly correlated 
to silanol abundance. The results permitted the estimate of the time horizon for aging to 
approach completion under natural conditions within the range of 3 to 300 years, depending 
on the sediment temperature and environment. The same analyses show that a significant 
amount of the aging (35%) may complete within as little as 2 to 17 months for cases where 
the sediment is warmer (e.g. 15 C). These conclusions apply to the limited time frame of the 
diagenesis process that was studied. 
 
3.2 Critique of Methodologies 
I learned the diatom culturing process by trial and error at significant cost of time. I 
addressed this challenge by involving the NIU Department of Biological Sciences more 
effectively and by consulting with NCMA. An alternate approach would have been to attend a 
one-week diatom culturing class offered by NCMA. 
The lab conditions of this study provided good control of many of the variables 




were varying with time. This allowed the creation of best fit models that matched the 
experimental results and permitted comparison and correlation over the entire range of 
possible values. Because the models I developed effectively incorporated all the constants of 
the experiments (e.g. temperature, pH, and salinity), they cannot easily be extended to the 
general case where many of the variables are different. As an example, the surface area of the 
diatom silica can have a significant impact on the surface charge density. I was able to ignore 
this variable because I utilized a single species that was aged and measured in a uniform 
environment. In the general case, this would not be valid, as different species. have different 
surface areas which would result in the surface charge changing differently. While this 
limitation does not take away from the value of the study, it does prohibit future researchers 
from using the models directly.  
Another shortcoming of this study is that I was not able to collect oxygen isotope 
values specific to this study. Instead, I utilized previously published data to support my 
conclusions. A stronger case could have been made by collecting this data from my aged 
samples. As noted below, this data collection is planned before future publication. 
A final concern is that the use of the high temperature of 85 C for aging might have 
impacted the results in unknown ways. I did not find any evidence of this in my research, but 
it remains a lingering question. A possible way to address this in future studies is to run 







3.3 Future Work 
Four areas stand out for the greatest benefit relating to future study to enhance the 
capabilities of diatoms as a paleoclimate proxy. The first and highest priority is the 
completion of the oxygen isotope analysis for the aged S. turris samples. This will allow the 
models for 18O values to be populated and constrained with experimental data. This is 
planned for completion before publication of the manuscript in Chapter 2. 
A second area is the development of a calibration technique to allow a more robust 
process in extrapolating the artificial aging time at elevated temperature to what happens in 
nature. I addressed this question in this study by applying general chemistry principles. While 
these principles may be reasonable, I do not know for certain that they apply to the reactions 
that cause biogenic silica aging. This calibration would allow researchers to apply the aging 
principles to their specific research projects, bringing better focus to understanding this 
geochemical archive.  
Another area of further research relates to the areas of diagenesis that were not studied 
in depth, including the time frame which is driven by dissolution and the start of aging as well 
as the period occurring after the surface charge declines to zero and silanol abundance 
continues to decline. Characterization of these would benefit researchers, enabling them to 
better understand the overall diagenesis process.  
A final area for future research relates to developing a better understanding of how the 
oxygen re-equilibration in the sediments alters the isotope values, defining how they change 




sediment interface is affecting these values, this impact should be quantitatively measured and 
calibrated, allowing researchers to measure the oxygen isotope value of diatoms and conclude 
specifics about the environment that affected them. 
Investment in these four areas would make a significant contribution to the utilization 
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Diatom Culture Lab Design 
Fig. A.1. Design for the diatom culture lab. Pink-colored tubing is utilized for filtered air and 
CO2. The blue-colored tubing was used for harvesting and moving media between flasks. Two 
hundred fifty milliliter flasks were used for building up the initial culture received from 
NCMA; the 2000 mL flasks were used to further expand the culture and for temporary storage 
of culture while the media for new batches was being prepared. The 2000 mL carboys were 
used to autoclave the seawater and aseptically mix the L1 growth media. Culture was moved 
by manually operating the valves, allowing air pressure from the pump to aseptically push the 






































Table B.1 FTIR spectroscope configuration. 













Fig. B.1. FTIR spectroscope with ATR attachment. Detail of the FTIR ATR adapter that 
utilizes evanescent waves to penetrate and reflect from a dry diatom silica sample clamped to 




Fig. B.2. ATR IR beam schematic. Schematic showing how the IR beam is reflected through 
the diamond crystal where it interacts with the silica sample to measure the relative 

























Fig. C.1. Equipment utilized for acid-base titrations. See text for details. 
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